Transverse-field muon-spin-rotation measurements have been carried out for polycrystalline ThPt 4 Ge 12 . The magnetic penetration depth λ and the superconducting coherence length ξ in the vortex state of this compound were found to be 112(5) nm and 32(2) nm, respectively. We have estimated the effective mass of the quasiparticles m * ≈ 4.6 × m e , the superfluid carrier density n s ≈ 1.02 × 10 28 carriers/m 3 , and the zero-temperature superconducting gap 0.67 meV, corresponding to the ratio: 2∆(0)/k B T c = 3.76. We found markable difference between the temperature dependence of the vortex state muon-spin relaxation rate ZFC-and FC-σ s (T ) below the irreversibility temperature T ir ∼ 2.5 K. Linear field dependence of λ(H), small ratio T ir /T c , and power law behavior of the temperature dependencies of λ(T ) seem to be consistent with anisotropic superconducting pairing in the compound studied.
I. INTRODUCTION
at low temperatures. Owing to the fact that ThPt 4 Ge 12 and other MPt 4 Ge 12 exhibit similar values of the critical temperatures, which range from ∼ 5 to ∼ 8 K, one expects a minor role of the filler M element, but a dominating contribution to the superconducting properties from interactions within the Pt-Ge framework. In natural consequence, it is believed that superconductivity in these skutterudites is most likely mediated by phonons. However, some experimental data on ThPt 4 Ge 12 , 3 indicated possibility of an unconventional character of the electron pairing, as in the superconducting state both the temperature dependence of the electronic specific heat C es and the magnetic field variation of the Sommerfeld coefficient exhibit some behavior characteristic for the point-like node superconductivity. For ThPt 4 Ge 12 ,
195 P t−NMR experiments and electronic band structure calculations, 5 have suggested that the physical properties of this compound may be anisotropic. Furthermore, the Hall effect and thermoelectrical power data have revealed the existence of both electrons and holes, 6 manifesting different behavior from those of conventional BCS ordinary superconductors, which usually exhibit one-band conduction. The unclear mechanism of electron pairing in ThPt 4 Ge 12 shows that further experimental and theoretical studies of this compound are needed.
In this paper, we report a study of the vortex state in ThPt 4 Ge 12 by means of transversefield muon-spin rotation (TF-µSR) technique, which is very sensitive measurement of the microscopic field distribution inside type-II superconductors. 7, 8, 9, 10 
II. EXPERIMENTAL DETAILS
Polycrystalline sample of about 5 g used in this study was prepared and characterized as reported previously. 3 µSR measurements were carried out using MuSR spectrometer installed at the ISIS Facility of the Rutherford Appleton Laboratory, Chilton, UK, where pulses of muons are produced every 20 ms with FWHMs of 70 ns. For the measurements, pulverized sample was mixed with GE varnish and glued onto a high purity silver (>4N)
holder of 30 mm diameter and 1 mm thick. We have carried out the measurements at temperatures ranging from 0.3 to 5 K in magnetic field up to 0.06 T, applying two different modes of cooling the sample: in zero magnetic field (ZFC) and applied magnetic field (FC).
III. RESULTS AND DISCUSSION
Typical TF-µSR time spectra for ThPt 4 Ge 12 , taken above T c and below T c , are shown in Fig. 1 . Comparison of the spectra indicates clear difference in the relaxation rate σ above and below T c . This difference is related to the change in magnetic field distribution inside the sample, which can be obtained using the algorithm of fast Fourier transformation, and it is displayed on the right-hand side of the spectra. In the normal state, the field distribution corresponds to the applied external magnetic field of B 0 = 40 mT and the Gaussian-like peak with some broadening is attributed to the nuclear magnetic moments. Below T c , due to the formation of the flux line lattice state associated with the superconductivity, the magnetic field distribution becomes inhomogeneuos and two Gaussian components are observed. The larger component at B 0 ascribes the field distribution of nonsuperconducting signal, whereas the smaller peak corresponds to the second moment of the field distribution
2 >, arising due to the formation of the flux line lattice. To elucidate details of the vortex state we have analyzed the data using the expression:
where the first term is the contribution from the sample and the second term from the background. A 0 and A bg , ω = 2πγ µ B r and ω bg = 2πγ µ B 0 , Φ and Φ bg , are the initial asymmetries, muon precession frequencies, and phase angles for the sample and background, respectively. σ s and σ n are the muon-spin relaxation rates in the superconducting and normal state, respectively. γ µ /(2π) = 135.53 MHz/T is the gyromagnetic ratio of the muon. 15 From the field dependence of the muon relaxation rate, we have evaluated the magnetic penetration depth λ and the coherence length ξ using the modified London equation:
where q h,k = 0 is the lattice sum over the hexagonal flux line lattice. The best fit (see the solid line) gave λ = 112(5) nm and ξ = 32(2) nm, which corroborate the values derived from the specific heat measurements with λ ≈ 150 nm and ξ ≈ 35 nm, respectively. Generally, the magnetic penetration depth is related to the superconducting carrier density n s , effective mass m * , coherence length ξ and the mean free path l e . In clean limit, ξ << l e , λ(0) is given as:
where c and q have the usual meaning. The estimation of n s and m * is impossible using the µSR data alone, and hence it is helpful assuming that all the normal state carriers contribute to the superconductivity, i.e., the coefficient of the electronic specific heat is related to m * and n s via the relation:
Taking λ = 112 nm and γ(0.4K, 0.5T) = 42 mJ mol dependence of the magnetic penetration depth λ −2 (T ) has been inferred data using Eq. (5) and taking the H c2 (T ), 3 and σ(T ) data. According to the Gorter-Casimir two-fluid model for s-wave isotropic gap superconductors, λ −2 (T )/λ −2 (0) is proportional to (1−(T /T c ) 4 ). As shown in Fig. 3 , the TF-data of ThPt 4 Ge 12 exhibit significant deviation from this relation (dotted line). This observation indicates that ThPt 4 Ge 12 might be not an isotropic BCS superconductor. It turns out that the experimental data can be fitted to the relation:
with λ(0) = 130(5) nm, n = 2.7(1), T c = 4.1 K (note the solid line). We would mention that the observed n-value is close to n = 2, predicted for nodal superconductors. 20 Similar reducing in n-value has been observed in KOs 2 O 6 (n = 2.39), 14 and in PrRu 4 Sb 12 (n =1.44).
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Since ThPt 4 Ge 12 is in the clean limit, the relation:
should be tested for the experimental data. In the above equation, To check the possibility of unconventional superconducting order parameters in ThPt 4 Ge 12 , the magnetic penetration depth data are fitted to point-node model, because this model predicted the proportionality of the electronic specific heat C e ∼ T 3 , 22 as that we have previously found for ThPt 4 Ge 12 . We used the following equations in evaluating the λ(T ) data: (9) where z = cosθ, θ and ϕ are the polar and the azimuthal coordinates in the k-space. In fitting we assumed ∆(z) = ∆(T )sinθ for the point node and the theoretical values are the average of the partial superfluid densities. The subscripts aa and cc indicate principal axis. The fit of the data to this point-node model, shown as the dashed line in Fig. 3 , is very good for T < 1.5 K but little poor for the temperature range 1.5 -3.0 K. We would like to note that T c deduced from the µSR measurements is fairly consistent with that extrapolated from H c2 (T )-dependence for a field of 0.04 T (∼ 4.0(1)). 3 Moreover, examining λ(T ) in Fig. 3 , we see that the λ(T )-curve has negative curvature around T c . 
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In Fig. 4 (Fig. 4 b) . In a similar manner as in the case of the relaxation rate, the irreversible effect appears in the ω(T )-curves below T ir ∼ 2.5 K, namely ω measured in the FC mode is larger than that obtained in the ZFC mode. We may recall that µSR studies of flux pining phenomena for numbers of superconductors, 26, 27 have shown that there is a relationship between the ratio T ir /T c and the anisotropy of superconducting characteristics, namely the more anisotropic superconductor has a lower value of this ratio. Since the observed ratio of T ir /T c ∼ 0.54 is rather small, the superconducting gap in ThPt 4 Ge 12 is likely anisotropic.
Let us now discuss data of ThPt 4 Ge 12 within the frameworks of the Uemura classification scheme. 12 According to the author, there exists a close relationship between the superconducting transition temperature T c and the effective Fermi temperature T F , which can be determined from the µSR and heat capacity data using the formula T F = 730σ 3/4 γ −1/4 , where T F in K, σ in µs −1 , and γ in mJ K −2 cm −3 . Interestingly, Uemura et al. was able to distinguish HTc, heavy-fermion and some exotic superconductors from the conventional BCS superconductors like Nb, Sn and Al. The first class of superconductors should fall in the range 0.01 < T c /T F < 0.1, while the latter class of superconductors have T c /T F < 0.001.
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We re-plot in Fig. 5 the correlation between the superconducting temperature T c and the 
